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ABSTRACT

A parametric study of compressor design parameters was made by
analyzing results of compressor flow paths for a 9. 0:1 overall pressure
ratio and 12. 0-inch inlet tip radius. The flow paths were computed on the
basis of simple-radial-equilibrium and free vortex design. Energy addi-
tion was specified through rotor tip diffusion factor. The rotor tip dif-
fusion factor is reduced if limit values were exceeded on stator hub Mach
number, stator hub diffusion factor and rotor relative exit hub flow angle.
Effects of independent parameters defined as tip speed, rotor tip dif-
fusion factor, axial inlet velocity, axial velocity ratio, inlet hub-tip
radius ratio, stage efficiency and ramp angles were evaluated.
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SUMMARY

This technical report presents the results of a parametric multistage
compressor study of which the primary objective is to indicate productive
areas of study and research development for increasing average stage pres-
sure ratio and reducing compressor overall length. The secondary ob-
jective is to correlate compressor design independent parameters and load-
ing parameters to show their effects on average stage pressure ratio and to
present them in one compressor design report for reference.

The parametric study is based on simple-radial-equilibrium com-
pressor design philosophy with constant efficiency radially, free-vortex
energy addition, and zero whirl velocity into each rotor. A compressor
design computer program was specially devised for this study to com-
pute compressor flow paths with the first rotor inlet conditions given in
complete detail and also given are arbitrary energy addition, tip speed,
axial velocity out of each row, solidities, aspect ratios, hub ramp angle
limits, and tip ramp angle limits. The compressor design program has
the capability of reducing aspect ratio from initial values if required to
reduce the annulus area to satisfy continuity. It also is capable of reducing
energy addition from initial values if required to prevent stator hub dif-
fusion factor, stator hub Mach number, or rotor relative hub exit flow
angles from exceeding prescribed values. This compressor design program
permits the assessment of the effects of design independent parameters on
average stage pressure ratio and compressor length as restricted by aero-
dynamic parameter and geometric limits.

The design program was used in the parametric study by analyzing re-
sults of compressor flow paths for a 9. 0:1 overall pressure ratio and 12, 0-
in. inlet radius. Free-vortex energy addition was specified by rotor tip
diffusion factors. To study the effects of independent parameters defined
as tip speed, rotor tip diffusion factor, axial inlet velocity, rotor tip axial
velocity ratio, inlet hub-to-tip radius ratio, stage efficiency, hub ramp



angle, and tip ramp angle, three classes of compressor study were defined.
Class I considered the effects of rotor tip diffusion factor, tip speed, axial
inlet velocity, and stage efficiency without aerodynamic parameter limits.
Class II considered the effects of rotor axial velocity ratio where stage
axial velocity ratio was held constant at unity, tip speed, and stage effi-
ciency with two levels of rotor tip diffusion factor and one set of aerody-
namic parameter limits. Class III considered the effects of tip speed,
axial inlet velocity, hub-to~tip radius ratio, hub ramp angle, tip ramp
angle, and stage efficiency with one set of aerodynamic parameter limits.

The principal results of this study are:

1.

Significant gains in achieving higher average stage pressure’
ratio can be made by advancing rotor tip and stator hub dif-
fusion factor technology and employing this capability with
state-of-the-art technology of relative inlet Mach number
(i.e., tip speed) and stator hub Mach number.

Significant gains in achieving higher average stage pressure
ratio can be made by advancing rotor relative inlet Mach num-
ber technology and employing this capability with state-of-the-
art technology of rotor tip diffusion factor, stator hub dif-
fusion factor, and stator hub Mach number.

As rotor tip and stator hub diffusion factor technologies are in-
creased to higher levels, a condition will be reached wherein
state-of-the-art stator hub Mach number technology must also
be advanced.

As rotor tip and stator hub diffusion factor technologies are
increased to higher levels, a condition will be reached
wherein rotor hub turning past the axis will become critical
for state-of-the-art tip speed. Further advances will require
increases in tip speed and relative Mach number technology.

As rotor axial velocity ratio is increased while maintaining
unity stage axial velocity ratio, stator hub diffusion factor and
stator hub Mach number are increased significantly while
rotor hub turning is approximately constant.

Compressor overall length is primarily dependent on the
number of stages and hence the average stage pressure
ratio level for a given overall pressure ratio.

Compressor overall length can be reduced significantly by ad-
vancing compressor design technology on radial flow effects
as a result of higher hub and tip ramp angles.
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INTRODUCTION

The work reported herein was performed under contract NAS3-7277 for
the NASA-Lewis Research Center to make a parametric compressor study
on advanced multistage axial-flow compressors. The purpose of this study
is to examine a wide range of design parameters to determine their effects
on average stage pressure ratio and compressor length and to indicate sig-
nificant areas for study and research. No previous work with sufficient
completeness and generality has been published to define the design param-
eter effects which would enable the determination of the significant areas
for study and research. A second purpose of this study, therefore, is to
present the design parameter results in one compressor design report for
reference.

To obtain the effects of the design parameters on average stage pres-
sure ratio and compressor length, it was necessary to devise a compres-
sor design program to compute the flow path for arbitrary specified condi-
tions. Since this program was meant to be useful for rapid and relatively
inexpensive screening of designs and for showing the effects of wide varia-
tions in values of design parameters, the simple-radial-equilibrium design
philosophy was selected. Constant polytropic efficiency radially was
selected also to avoid time consuming calculation and analysis of blade
element losses in the screening process.



SYMBOLS

Note: The primary symbols are illustrated schematically in Figure 1.

AR aspect ratio

b blade row axial length, in.

B, C, D, E constants in tangential velocity equation
p constant pressure specific heat, BTU/lbm—°R
D diffusion factor

g gravitational constant, ft-lbm/lbf-sec2
H total enthalpy, BTU/lb,,

J mechanical equivalent of heat, ft—lbf/BTU
L compressor length, in.

M Mach number

M molecular weight, lb, . /mole

n stage number

N number of stages

P total pressure, lb;/in. 2

R radius, in.

R, total pressure ratio

R, 0, z cylindrical coordinates

T total temperature °R

U wheel speed, ft/sec

\Y gas velocity, ft/sec

W flow rate, lbp,/sec




Greek

a ramp angle, degrees
B flow angle, degrees
Y ratio of specific heats
§* blockage factor
TR polytropic rotor efficiency
Tpsg polytropic stage efficiency
w angular velocity, rad/sec
P gas density, lbm/ft3
a solidity (chord/spacing)
Subscripts
f fraction of stage
H hub
i inlet
n stage number
o outlet
ov overall
R rotor or radial direction
S stator
T tip
z : axial direction
1 rotor inlet
2 stator inlet
g tangential direction
Superscript

! relative value



DESCRIPTION OF COMPRESSOR DESIGN PROGRAM

A brief description of the compressor design program (described in de-
tail in Reference 1) is given here to provide a better understanding of the
analytical approach and of the results obtained. The design program is based
on simple-radial-equilibrium flow theory with constant efficiency radially
(i. e., zero entropy gradient). The basic equations of motion which lead to
the simple-radial-equilibrium flow theory with constant efficiency radially
have been derived in many reports such as Reference 2. The resultant
equations of motion are:

Continuity Equation

V;I=27rf PV, RdR (1)

Radial Equation of Motion

dH V, 3(RVy) R\
gcJ T +Vz
R R 3R dR

(2)

Energy Equation

AH = 0 A(RVg)/(g.T) (3)

The usual method of solution of this set of equations is to specify an
efficiency or total pressure loss, flow path geometry, and energy addition
through total enthalpy change or exit tangential velocity. With the blade
row inlet conditions known, the exit velocity conditions are then determined
iteratively through Equations (1) and (3).

The objectives of this compressor design program, however, are (1)
that the flow path of a compressor for a given overall pressure ratio is
determined, (2) that resultant aerodynamic parameters (defined as stator
hub Mach number, rotor relative hub exit flow angle, and stator hub dif-
fusion factor) must be less than or equal to a specified value, and (3) that
blade aspect ratio is equal to or less than an initial value as required by
specified limit values of hub and tip ramp angle.

To accomplish these objectives, it is required that energy addition be
determined through rotor tip diffusion factor, axial velocity ratio at the tip,
and a specified form for tangential velocity distribution. Once the energy
addition has been determined, the blade row exit annulus area is determined.




. - With appropriate hierarchy established on the limit ramp angle, the exit

annulus area can be located radially and the aerodynamic parameter values
calculated. If the aerodynamic parameter limits are exceeded, the rotor
tip diffusion factor must be reduced to lower the aerodynamic parameter
values.

Rotor tip diffusion factor and tip axial velocity ratio are two param-
eters exerting a controlling influence on stage configuration. For the case
of a rotor having defined inlet and outlet radii and a defined tip solidity,
these two parameters define stage energy addition. With these values
known, the equation for diffusion factor at the rotor tip may be resolved to
give outlet absolute tangential velocity and, from this, energy addition.

The absolute tangential velocity at the rotor exit is defined by the non-
linear functional relationship:

V02=Riz+c + DRy + ERg? )

where B, C, D, and E are constant coefficients. To use this expression
for the radial evaluation of tangential velocity, some arbitrary method of
determining the coefficients must be adopted since only one boundary condi-
tion (i.e., at the tip) is known. It was decided to set values for the usually
less prominent coefficients C, D, and E and compute a value for B. This
decision was influenced by the fact that assigning a value of zero to C, D,
and E results in a free-vortex type velocity distribution.

The program commences by defining conditions at the rotor inlet—
hub-to-tip radius ratio, tip speed, tip axial velocity, and the absolute
tangential velécity distribution. Assuming stagnation pressure and temper-
ature to be uniform radially, the axial velocity distribution is determined
by integrating the radial equilibrium equation. The mass flow is deter-
mined by integrating the flow derivative in the radial direction. Having de-
termined the axial velocity distribution at the rotor inlet, all other aerody-
namic quantities may be readily calculated.

To determine rotor outlet conditions, values must be assigned to the
rotor tip diffusion factor and tip axial velocity ratio. Further, to define the
axial location of the rotor exit station an aspect ratio is required. This as-
pect ratio is interpreted as the result of dividing the difference of the tip
and hub radii at the rotor inlet station by the axial projected distance between
inlet and exit stations.

To account for nonisentropic compression, a rotor efficiency is re-
quired. This is assumed constant radially.



The rotor outlet conditions are determined by an iterative procedure
which commences by setting the exit hub and tip radii equal to the inlet.
From the rotor tip diffusion factor, tip solidity, and axial velocity ratio,
the tip absolute tangential velocity is established and from this boundary
condition, the tangential velocity distribution across the annulus may be

established. The energy transfer and stagnation pressure rise may now be
calculated.

Since all the radial variables in the equilibrium equation are now known,
this equation may be numerically integrated and, from the boundary condi-
tion of a defined tip axial velocity, a constant of integration evaluated. This
results in an axial velocity distribution across the annulus at the rotor exit
station. From the radial distribution of axial velocity, the rate of change
of flow with respect to radius may be established and integrated numerically
to give the flow through the rotor exit station. If this flow does not coin-
cide with the rotor inlet flow, the hub radius is increased (or decreased)
and the calculation repeated until convergence occurs.

Once the calculation converges on mass flow, the rotor hub ramp angle
is calculated and checked against an assigned limit. If the hub ramp angle
violates the assigned limit, the rotor exit hub radius is then set at a value
for which the limit is attained and the rotor exit tip radius reduced to the
point which satisfies the flow requirements. Should the reduction of the
rotor exit tip radius cause a violation of the assigned tip ramp angle limit,
then the aspect ratio is reduced with hub and tip ramp angles set at their
assigned limits and the calculation is repeated until continuity of flow is ob-
tained.

Having satisfied ramp angle tests and continuity of flow, the program
now tests the absolute Mach number and relative flow angle at the exit of the
rotor hub. If either of these parameters (in this stated order) violates its
assigned limit, the program then reduces the rotor tip diffusion factor and
repeats the calculation until these limit tests are satisfied.

The calculation now proceeds to establish stator exit conditions. To
determine the stator exit annulus, the coefficients in a polynomial identical
to the one defining absolute tangential velocity at the rotor exit, Equation
(4), are required. An overall stage efficiency, stator hub solidity, tip axial
velocity ratio, and aspect ratio are also required.

The stator exit calculations commence similar to those for the rotor by
setting the exit hub and tip radius equal to the inlet values. The hub and tip
ramp angles are then tested in the same order as the rotor and the aspect
ratio relaxed if necessary to satisfy the geometric limits. When the as-
signed geometric limits have been satisfied, the stator hub diffusion factor




is checked against its assigned limit. If this limit is violated, the rotor tip
diffusion factor is reduced and the calculation repeated for the current stage.

When a stage configuration, satisfying all limits, is achieved, the
pressure ratio and energy addition are mass averaged to give stage perfor-
mance. Successive 8tages are added until some predetermined limit in
overall pressure ratio is achieved. If the limit in overall pressure ratio
cannot be exceeded in a predetermined maximum number of stages, the
calculation is terminated and the values calculated up to this point are
printed out.

The logic of the program is restricted to consider only tip radii at
any station which is equal to or less than the inlet blade tip radii. Positive
tip ramp angles cannot occur.

A detailed description of the program logic development and additional
program capabilities and limitations are given in Reference 1.



ANALYTICAL APPROACH
PARAMETRIC COMPRESSOR STUDY OBJECTIVES

The objectives of this parametric compressor study, based on simple-
radial-equilibrium with constant efficiency radially, are to (1) delineate the
interrelating effects of the aerodynamic parameters and independent param-
eters on stage pressure ratio and overall length, (2) relate the parameters
with present state of the art, and (3) indicate productive areas for com-
pressor aerodynamic research and development. The productive areas of
research and development are to be aimed at increasing average stage pres-
sure ratio capability and reducing length for a multistage compressor.

The aerodynamic parameters, which can be controlled by limiting
values, are defined as stator hub Mach number, rotor relative hub exit flow
angle and stator hub diffusion factor. Independent parameters are tip speed,
rotor tip diffusion factor, axial inlet velocity, axial velocity ratio, poly-
tropic stage efficiency, inlet hub-to-tip radius ratio, hub ramp angle, and
tip ramp angle.

Because of the many parameters involved and their interdependence, it
is desirable to define an area of study which considers a reduced number of
parameters that delineates the major effects. Additional areas may then be
considered to show the secondary effects. These areas are divided into
classes as follows:

Class I. The objective of this class is to determine the effect of vary-
ing tip speed, axial inlet velocity, and rotor tip diffusion factors.
Aerodynamic parameter limits were not imposed. Hence, each com-
pressor flow path represents a maximum average stage pressure for
each rotor tip diffusion factor distribution, and the aerodynamic param-
eters will not be limiting. The resultant plots of average stage pres-
sure ratio versus tip speed show the effects of various levels of inde-
pendent parameter limits and permit superposition of curves for se-
lected values of aerodynamic parameter limits.

Class II. The objective of this class is to determine the effect of vary-
ing tip speed and rotor axial velocity ratio. The stage axial velocity
ratio was held constant at a value near unity. A single level of aero-
dynamic parameter limits was imposed.

Class III. The objective of this class is to determine the effect of vary-
ing tip speed and rotor inlet hub-to-tip radius ratio. Larger values of
hub and tip ramp angle limits were permitted to assess their effect on
the aerodynamic parameters and compressor length. A single level of
aerodynamic parameter limits was imposed.
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METHOD OF ANALYSIS

The method of approach used to accomplish the study objectives was to
select a compressor design application requiring an overall pressure ratio
of 9.0:1 with an inlet tip radius of 12.0 in. Inlet guide vanes were not used
in this study and the flow has zero whirl at the inlet of each rotor. Each
compressor design was computed on the basis of free-vortex energy addi-
tion and radially constant efficiency which results in a constant axial velo-
city radially for the simple-radial-equilibrium calculation.

Compressor flow paths were then computed for various combinations
of independent parameters while limiting the flow path ramp angles with
hub and tip ramp angle limits. For Classes II and III, stage energy addi-
tion was also limited by imposing aerodynamic parameter limits. Stage
energy addition is specified through the rotor tip diffusion factor, which is
reduced if necessary by a specific level of aerodynamic parameter limit
until that level of aerodynamic parameter limit was identically satisfied.
Flow path geometry is specified through blade aspect ratio, which is re-
duced if necessary when the tip ramp angle limit is exceeded. The aspect
ratio was reduced until continuity was satisfied with the hub and tip ramp
angle identically equal to their limit values. The tip ramp angle was re-
duced from zero only after the hub ramp angle attained its limit value.

Throughout this study the input value of rotor tip diffusion factor for
each stage is described by a set of three numbers (DRTI’ DRTZ’ DRT3_N)

which are defined as:

DRTl first stage rotor

DRT2 second stage rotor
DRTS-N third to N'th stage rotor

In general, these input values are used as reference values in describing
various results, even though they may have been reduced.

The range of independent variable input data for each compressor
class is summarized in Table I. Input data that were not varied and are
common to all classes are summarized in Table II. Tables III through
V summarize the variable input data defining each compressor case
considered for the three classes.

The chord was assumed constant with radius, so that solidity varies
inversely with radius for all blade rows. It was convenient to express
efficiency as polytropic stage efficiency, since then an assumed value could
realistically be held constant for all stages of a compressor. In addition
to the stage efficiency value, it was necessary to assume or develop an
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equivalent value for rotor polytropic efficiency, which reflected the absence
of stator losses. An analysis of the effect of stator losses on efficiency for
a variety of design conditions and pressure ratios to 1.7 showed that as-
suming rotor polytropic efficiencies to be 0. 02 point highér than stage
values gave a good approximation for stator loss effects. The stator total
pressure loss would be approximately constant for the range of variables

of this study.

Since the overall pressure ratio computed for each case was 9.0:1 or
greater, it was necessary to fractionalize the last stage in each calcula-
tion to obtain 9. 0 to provide a common base for weighing the average stage
pressure ratio and comparing compressor length. The fractionalizing of the
last stage was done on the basis of energy addition and can be expressed as:

Y -1
S 9.0 (”"Ps
Fonl
(TN) - (Ty. ? ¢'N-1
e = N (Re = 9.0) N 1)calc R calc 5)
- (T -1
(TN) ( N-l)calc ‘:‘n
(R,) PS
cale
(R,) !
[ N N—1]
cale

The average stage pressure ratio and compressor length is then com-
puted as follows:

1
_ (N-1) +n
R = [9.0 f
Cavg (o-0] ©)
N-1
L= (L +n; Ly (7)
i=1
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RESULTS AND DISCUSSION

A complete summary of all the compressor performance and aerody-
namic parameter output results for this parametric study are given in
Tables VI, VII, and VIII for Classes I, II, and III, respectively. The
various effects on stage pressure ratio, compressor length, and state-of-
the-art technology of the aerodynamic parameters are discussed in the
following paragraphs.

EFFECTS OF TIP SPEED AND ROTOR TIP DIFFUSION FACTOR

The compressor performance and aerodynamic parameter results dis-
cussed here are taken from the Class I compressor data of Table VI. The
Class I results are distinct from Classes II and III in that aerodynamic
parameter limits were not imposed. The input rotor tip diffusion factors
were not reduced, therefore, and the aerodynamic parameters and average
stage pressure ratios obtained are at a maximum value for each tip speed
and DR T within the analytical model.

Average Stage Pressure Ratio

Typical results of average stage pressure ratio, as affected by varia-
tions in tip speed and variations in rotor tip diffusion factor, are shown in
Figures 2 and 3, respectively. Figure 2 shows that average stage pressure
ratio increases with increasing tip speed with constant Dros V31 and 7 pg-
Figure 3 shows that average stage pressure ratio increases with increasing
rotor tip diffusion factor at constant Up¢, V,; and 7 pg.

The average stage pressure ratios indicated at the combinations of tip
speeds and rotor tip diffusion factor levels considered, yield a significant
increase above present production engine compressor average stage pres-
sure ratios of about 1.4. Increase in either tip speed or rotor tip diffu-
sion factor will, of course, alter other aerodynamic requirements such as
stator Mach number and diffusion factor. This study evaluates the relative
change of magnitude of the parameter. However, no attempt will be made
to evaluate the complexity of achieving advances in aerodynamic technology.

Aerodynamic Parameters and Relative Inlet Mach Number

The maximum value of aerodynamic parameter or relative inlet Mach
number, regardless of the stage number for which it occurs, can be ob-
tained for each Class I compressor case. In general, maximum values of
rotor relative inlet tip Mach number, rotor relative exit hub flow angle,
and stator hub Mach number occurred in the first stage and stator hub dif-

fusion factor in the third stage. Typical plots of Dgy, Msyg and B'gy Vversus

stage number for the Class I Dyt of 0.5, 0.6, and 0.7 data illustrating the
foregoing statement on maximum values at a given stage number are shown

in Figure 4. A study of Tables VI through VIII also shows this general
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rule. The maximum values obtained were found to correlate and, there-
fore, establish trends and magnitudes. The correlated results (Figures
5, 6, and 7) are shown superimposed on the pressure ratio versus tip
speed plot of Figure 2.

In the previous paragraph the term maximum value was used to describe
the level of rotor relative exit hub flow angle. For the conventional system
of definition, the relative flow angle decreases toward zero and then to
negative values as energy addition increases with all remaining variables
constant. Thus, the relative flow angle tends toward a minimum value.

For simplicity of discussion, however, when taking the aerodynamic param-
eters as a group, the term maximum value will be used in the sense that

the actual flow angle value results in a maximum flow turning value at the
rotor hub.

The rotor tip relative inlet Mach number is a function of only the tip
speed for a fixed axial inlet velocity and zero tangential inlet whirl. Hence,
the tip relative inlet Mach number values are easily shown on a scale
parallel to tip speed in Figures 5 through 7 which show the effect of Upj and
DRT on maximum values of Mgy, B'2H and DSH. The data shown in Figures
5 through 7 are also typical of all compressor cases studied.

The significant result shown in Figures 4, 5, and 7 are that maximum
stator hub Mach number and stator hub diffusion factor are essentially con-
stant for a given rotor tip diffusion factor level (i.e., independent of tip
speed). The maximum rotor relative hub exit flow angle is dependent on
both Ur; and Dpy. In addition, as shown by the 0° exit angle line on Figure
6, if turning past the axial direction is to be prevented, an upper limit of
DRt level exists for each tip speed. Turning the flow past the axial direc-
tion can result in a positive slope pressure ratio versus flow rate charac-
teristic which is an unstable condition in that an attempt to increase pres-
sure ratio leads to a flow decrease which further decreases the pressure
ratio capability.

Inlet guide vanes, although not considered in this study, can be em-
ployed to reduce the relative inlet Mach number level of the first stage rotor.
Assuming that the energy addition across the rotor would be held constant
at a given tip speed, the employment of inlet guide vanes would result in
greater rotor blade flow turning and higher diffusion factors. Stator vane
diffusion factors would also increase if stator outlet conditions are held the
same as for the case with no inlet guide vane turning. If the increase in
rotor tip diffusion factor is unacceptable, either the energy addition must
be reduced or the inlet guide vane turning reduced.

In summarizing, if only tip speeds are increased to obtain higher

average stage pressure ratio, only rotor relative inlet Mach number tech-
nology need be advanced. If rotor tip diffusion factor technology is
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advanced, then Mgy and Dgy technology as well as the degree of flow turn-
ing past the axial direction must be considered.

State-of-the-Art Aerodynamic Technology

For such a study to be useful in indicating areas to concentrate further
research efforts, the 1nterrelat10ns and interdependencies of MlT on Upq,

Mgy and Dgy on DT, and BZH on Ur) and DRT must be evaluated with re-
spect to present state-of-the-art capabilities.

To indicate the aerodynamic parameter and relative inlet Mach number
advances required beyond present technology levels to increase the present
average stage pressure ratio capability, a state-of-the-art compressor
aerodynamic technology must be defined. For double circular arc blades of
positive camber, the following values are selected as representative.

First stage rotor M'lT =1.20 and DRTl =0.40

First stage stator MSHI ~ 0.9 and DSH1 ~0.45

Mid stage rotor M,p 21.0 and Dpp  =0.45
n

Mid stage stator MSHn <0.9 and DSHn =0.58

Selection of a limiting value for B'2H to prevent an unstable operating
characteristic depends upon the net flow turning past the axial direction be-
hind each rotor and its stagewise averaging effect. Therefore, a selected
value of Bz is somewhat arbitrary. It is known that some turning past
axial in the hub region is acceptable since the overall effect for the rotor
depends on the average pressure along the radial length. For purposes of
discussion and calculation, a limiting value of -15° was selected as repre-
sentative.

Based on the aforementioned state-of-the-art aerodynamic technology
1evéls, the rotor tip diffusion factor levels, comparable with the Class I
compressor cases, would be about 0.3, 0.4, and 0.5. The resultant maxi-
mum average stage pressure ratio of 1.416 is found to be obtainable with
the present aerodynamic technology as given in Figures 5, 6, and 7. The
limiting parameter for this maximum stage pressure ratio is found to be
the relative inlet Mach number of 1.2 (Up; = 1140 ft/sec). This state-of-
the-art technology is shown as Case A in Table IX.

Effects of Advancements in Technology

Average stage pressure ratio can be increased at this tip speed level
of Case A by increasing DrT. Increasing rotor tip diffusion factor to O. 5,
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0.6, and 0.7 and DSHmax to 0. 68 results in an average stage pressure ratio
of 1.65, MgH . Of 0-91, and B3y = -15° (Case B, Table IX). Thus, no

stator hub Mach number technology advance is required. Note also that the
flow turning past the axial direction is becoming limiting and further ad-
vances in Dy and Dgy levels may not be desirable from the standpoint of
unstable pressure ratio-flow rate constant speed characteristic.

By increasing tip speed to 1400 ft/sec ata 0.3, 0.4, and 0.5 Dpt level,
an average stage pressure ratio of 1. 565 can be obtained. This procedure
requires only a relative inlet Mach number technology advance to about
1.41 (Case C, Table IX). A tip speed of about 1510 ft/sec, which yields an
M'IT of about 1.53, would be required to obtain an average stage pressure
ratio of 1. 65.

Combining the aforementioned technology advances of DrT, Dgy, and
M'lT would result in an average stage pressure ratio of about 1. 885. The
maximum stator hub Mach number remains at the state-of-the-art tech-
nology level, and the flow turning past the axial is not limiting (Case D,
Table IX).

In summarizing the foregoing discussion for the 600 ft/sec axial inlet
velocity condition and the Class I input data conditions, it has been shown
that rotor tip and stator hub diffusion factors could be advanced to a
specific level from present technology to increase stage pressure ratio
without advanced technology on stator hub Mach number and relative inlet
Mach number. Similarly, relative inlet Mach number can be advanced to
a very high level without advancing the aerodynamic parameters as de-
fined in the second paragraph in the section Analytical Approach.. At a
point where the relative hub exit flow angle becomes limiting, aerodynamic
advancement is required on all parameters. Average stage pressure
ratio obtainable is found to be about 1. 65 by advancing only the rotor tip
and stator hub diffusion factor from present technology (Case B, Table IX).
To obtain equal average stage pressure ratio by advancing only relative
inlet Mach number from present technology, a Mach number advance to’
about 1.51 is required. For the rotor tip diffusion factors of 0.5, 0.6, and
0.7, maximum stator hub diffusion factor of 0. 68 and relative inlet tip Mach
number to 1.42 (tip speed of 1400 ft/sec), average stage pressure ratios of
1.9 can be obtained. Based on these results, it is not clear if aerodynamic
advancement on diffusion factors or relative Mach number is preferred
since the measure of difficulty to obtain these achievements is not known.
The advancement of both diffusion factors and tip speed aerodynamic capa-
bilities should be pursued. It should be renoted that these limit parameters
are based on simple radial equilibrium and that inclusion of curvature and
entropy terms in the solutions might change the absolute number but should
not alter the trends appreciably.
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EFFECT OF AXIAL INLET VELOCITY LEVEL ON STAGE PRESSURE
RATIO AND THE AERODYNAMIC PARAMETERS

Compressor case results from Class I, Table VI, for identical input
data, except for the 700 ft/sec inlet velocity, are shown plotted in Figures
8 through 11. Figures 8 through 11 show, in an identical manner as Figures
2 and 5 through 7, the effects of Upy and DRT on average stage pressure

ratio, MSHmax’ B '2Hmax and DSHmax'

The higher axial inlet velocity is desirable primarily on the basis of
increasing flow rate per unit frontal area. A cursory study of Figure 8
indicates that greater average stage pressure ratios for a given Uy and
DRt can be obtained. Additional study with respect to equal rotor relative
inlet Mach number and rotor tip diffusion factor levels shows that es-
sentially no gain in average stage pressure ratio can be experienced in going
from 600 to 700 ft/sec. In addition, for the same values of M'IT and DRT’
stator hub Mach numbers are greater.

At the state-of-the-art technology level, the limiting aerodynamic
technology parameter is the relative inlet Mach number of 1.2. Extrapolat-
ing the 0.3, 0.4, and 0.5 DRT curve in Figures 8 through 11 to the 1080
ft /sec tip speed equivalent of M'lT = 1. 2, the average stage pressure ratio
obtainable is found to be about 1.41 (see Case E, Table IX). This average
stage pressure ratio value is equivalent to Case A of Table IX. The stator
hub Mach number for Case E is 0. 78 as compared to 0.72 for Case A.

As a second comparison for the 700 ft/sec axial inlet velocity, Case
F in Table IX shows that an average stage pressure ratio of about 1. 915 can
be obtained for the Mj = 1.42 and DRy of 0.5, 0.6, and 0.7. A com-
parison with Case B in Table IX shows a gain of 0. 03 points in average
stage pressure ratio but with an increased stator hub Mach number to 1. 01.
Case G in Table IX shows that holding to a maximum stator hub Mach num-
ber of 0. 91 at MllT of 1.42 results in a maximum average stage pressure
ratio of 1.77 at DRT of about 0.42, 0.52, and 0. 62.

In summarizing the foregoing discussion for the 700 ft/sec axial velocity
condition and the Class I input data, it has been shown that for a given tip
speed and rotor tip diffusion factor level without consideration of aerodyna-
mic parameter technology, significant increases in average stage pressure
ratio can be experienced. With consideration of equal aerodynamic tech-
nology levels on DRT, DSHp ,x and M'1Ty,ax, the gains in average stage
pressure ratio in going from 600 to 700 ft/sec are small. In addition, the
maximum stator hub Mach number is appreciably larger for the higher axial
inlet velocity. In an actual compressor design, it may be possible to increase



the pressure ratio of the rear stages by axial velocity increase without ex-
ceeding aerodynamic parameter limits. An 11.3% increase in equivalent
flow per unit annulus area can be realized, however, by increasing the axial
velocity from 600 to 700 ft/sec.

EFFECT OF TIP SPEED AND ROTOR TIP DIFFUSION FACTOR ON COM-
PRESSOR LENGTH

In brief review of the method of analysis, it will be recalled that each
compressor case analyzed was initialized with aspect ratios of 4.0, 3.3,
and 2. 5 for the first, second, and third to N'th stage, respectively. These
aspect ratios were reduced (and length increased) only when the tip and hub
ramp angles exceeded their limiting values. The overall length results for
the Class I compressor case analyses at 600 ft/sec axial inlet velocity are
shown in Figure 12. The tip and hub ramp angle limits were -10° and +30°,
respectively, and the hub-to-tip radius ratio at the inlet to the first rotor
blade row was 0.5 for these compressor cases.

The overall compressor length decreases with increasing tip speed and
increasing rotor tip diffusion factor. It can be shown, however, that the
average stage lengths for all cases are approximately equal (i.e., com-
pressor length/number of stages). Therefore, the length reduction is due
to the number of stages as affected by average stage pressure ratio for the
overall pressure ratio of 9. 0:1.

An examination of the hub and tip ramp angles row by row as given in
Table VI indicates that large hub and tip surface slope inflections occur.
In an actual application, these surfaces would require smoothing by either
a change in aspect ratio or axial velocity ratio. It is believed, however,
that the general trend of the overall length results are valid.

With respect to axial inlet velocity effects, the increase from 600 to
700 ft/sec will have negligible effect on the length results shown in Figure 12.
This is based on the fact that overall length was primarily dependent on
average stage pressure ratio. On the basis of comparison of average stage
pressure ratio with the 600 ft/sec axial inlet velocity at equal MllT and DRT
levels, no significant change in average stage pressure ratio was found.

EFFECTS OF OTHER INDEPENDENT PARAMETERS

Polytropic Stage Efficiency

The effect of polytropic stage efficiency on average stage pressure ratio
and the aerodynamic parameters is shown in Figure 13. These data were
taken from Table VI. Figure 13 shows that for small efficiency changes
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there is essentially no effect on the aerodynamic parameters within the
range of rotor tip diffusion factor and tip speeds investigated. The effect
of efficiency on average stage pressure ratio is dependent on the reference
pressure ratio level in question. Stage pressure ratio increases of 2.2%
at DRy = 0.3 and Uy = 1000 ft/sec and 4.7% at DR, = 0.6 and U =

1400 ft/sec were obtained for a stage polytropic efficiency change from
85 to 90%.

Rotor Axial Velocity Ratio

Class Il compressor cases were computed for similar parametric con-
ditions as in Class I, except for the addition of rotor axial velocity ratio
variations. The stator axial velocity ratio for each case was correspon-
dingly varied to maintain a stage axial velocity ratio of unity. The overall
performance and aerodynamic data, summarized in Table VII, is discussed
in the following paragraphs.

Average Stage Pressure Ratio

The effects of rotor axial velocity ratio on average stage pressure ratio
are shown in Figures 14 and 15 for rotor tip diffusion factor sets of 0.35,
0.4, and 0.45 and 0.5, 0.6, and 0.7, respectively. It is shown in Figures
14 and 15 that average stage pressure ratio increases with rotor axial
velocity ratio. An increase of about 10% in pressure ratio can be obtained
in going from a rotor axial velocity ratio of 0.85 to 1.4 for a given DRT and

Uri.

Aerodynamic Parameters

Aerodynamic parameter limits (MSHlim =1.0 and :BéH .= -10°) were
imposed on the Class Il compressor design calculations. ese limits re-
sulted in a reduction in rotor tip diffusion factor for some cases (see Table
VII). In general, the violations were not severe except for the cases where-
in the rotor axial velocity ratio was 1.4 and Dyt was 0.5, 0.6, and 0.7.
For these cases, the stator hub Mach number limit of 1.0 reduced the tip
diffusion factor and hence the stage pressure ratio significantly. This effect
is shown clearly in Figure 15a by the crossover of the 1.4 with the 1.2 axial
velocity ratio curves and in Figure 15b by the drop in pressure ratio at the
1.4 axial velocity ratio point.

The increase of rotor axial velocity ratio results in a significant in-
crease in maximum stator hub diffusion factor and stator hub Mach number
at a given tip speed and rotor tip diffusion factor. The magnitude of these
increases is shown in Figure 16. The maximum rotor hub exit relative
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flow angle is not strongly affected by rotor axial velocity ratio with the
variation being about 6° to 10° over the range of velocity ratios investigated
(see Figure 15). The trend toward negative relative hub exit flow angles
at the 1.4 velocity ratio is due to the large negative stator hub ramp angle
slope (see Table VI).

Overall Compressor Length

The overall length results are shown in Figure 17. It was previously
shown in Figure 12 that overall length is primarily dependent on the number
of stages and, therefore, the average stage pressure ratio. Since average
stage pressure ratio increased with increasing rotor axial velocity ratio,
it would be expected that the overall length would decrease with increasing
rotor axial velocity ratio.

The overall length variation shown in Figure 17 does not show this
trend even though average stage pressure ratio increased with increasing
rotor axial velocity ratio (see Figures 14b and 15b). The cause of this dif-
ference in trend is due to the large differences in rotor and stator hub ramp
angles as affected by the velocity ratio, that is, small rotor and large stator
ramp angles for less than unity rotor velocity ratio with a stage velocity
ratio of unity. In some cases, the rotor ramp angle was negative (see
Table VII). Conversely, for rotor axial velocity ratios greater than unity,
the rotor hub ramp angles were large and the stator hub ramp angles small
with some cases being negative. The net effect of the ramp angle variations
was to increase blade row chord by either decreasing aspect ratio when the
hub ramp angle limits were met at greater than unity velocity ratio or
increasing annulus height when the ramp angle was small or negative at
less than unity velocity ratio.

The hub and tip ramp angles result in large wall slope inflections for
the 0.85rotor axial velocity ratio at low tip speeds and for the 1.4 rotor
axial velocity ratio at the DRT of 0.5, 0.6, and 0.7 (see Table VII). In
some of these cases, the hub ramp angles are negative, resulting in larger
than average stage length. In an actual application, the flow paths would
require smoothing by lowering rotor axial velocity ratios and making ap-
propriate changes in aspect ratio. The net effect for the wall contour smooth-
ing operation would most probably be to increase overall compressor
length, since lowering the rotor axial velocity ratio results in reducing
stage pressure ratio with a given DgRT and Utj.

Effects of Advancement in Technology

A study of the Class II data provides interesting results with respect to
the effects of rotor axial velocity ratio and tip speed on the average stage

20




pressure ratio and aerodynamic parameters. To show these effects, typi-
cal compressor cases have been selected. See Table X and Figures 14b and
15b. Selected Case No. 2068 represents a state-of-the-art design with re-
spect to the previously described aerodynamic technology levels.

Compressor Case 2068 with a Dyt of 0.35, 0.4, and 0.45, Upy =
1200 ft/sec, and (V20/Vzi)g = 1.0 yields an average stage pressure ratio
of 1.416. It has been noted previously that decreasing the rotor axial veloc-
ity ratio while holding stage axial velocity ratio enables smoothing of the hub
and tip wall contours. This rotor axial velocity ratio reduction also results
in lowering of the average stage pressure ratio at constant DRt and Urpg.

Case 2080 shows that increasing tip speed to 1400 ft/sec at a DR of
0.35, 0.4, and 0.45 and a rotor axial velocity ratio of 0. 85 will yield an
average stage pressure ratio of 1. 511. The stator hub Mach number and
diffusion factor levels have remained essentially constant with respect to
Case 2068. To achieve this objective while maintaining stage efficiency,
the relative inlet Mach number technology must be extended to 1.4 levels.

To obtain the same average stage pressure ratio as for Case 2080 at
the 1200 ft/sec tip speed, a rotor axial velocity ratio of 1.4 is required.
This is shown in Table X as Case 2017 wherein the maximum values of Dgyy
and Mgy are about 0.65 and 0. 98, respectively. Hence, a significant ad-
vancement from the state of the art is required for these two aerodynamic
parameters to realize the pressure ratio gain at constant tip speed. Case
2025 is shown to indicate the average stage pressure ratio level of 1.636 if
relative inlet Mach number, stator hub diffusion factor, and stator hub
Mach number technologies were advanced to about 1.4, 0.65, and 0. 98, re-
spectively.

Rotor tip diffusion factor technology advances to 0.5, 0.6, and 0.7 and
stator hub diffusion factor advances to 0.75 would yield average stage pres-
sure ratios to about 1. 80. Similar compressor cases as discussed pre-
viously are shown in Table X to illustrate the identical rotor axial velocity
ratio reduction effect for the higher rotor tip diffusion factor.

The cases discussed so far indicate that increases in average stage
pressure ratio may be obtained by utilization of axial velocity ratios greater
than unity across the rotor blade row. This approach, however, will lead
to rather severe hub curvatures. Incorporation of these curvature effects
in the design of a compressor may lead to more severe limitations on aero-
dynamic parameters than indicated by the simple methods of calculation
used in this study. As stated previously, fairing of the hub shape to obtain
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a smooth contour will result in axial velocity ratios across the rotor of less
than one and axial velocity ratios across the stator greater than one.

Hub and Tip Ramp Angles

Compressor design calculations were made to determine the effects of
the ramp angles on the average stage pressure ratio, aerodynamic param-
eters, and overall length. The results of these calculations are given in
Table VIII and are referred to as Class III. Input data are identical to the
unity axial velocity ratio calculations at DRT of 0.35, 0.4, and 0.45 of
Class II, except for hub and tip ramp angle limits of 40° and -20°, respec-
tively, in place of the 30° and -10°.

Average Stage Pressure Ratio

The average stage pressure ratio results, presented in Figure 18, show
that pressure ratio is increased by 1 to 2% over the range of tip speeds in-
vestigated. This is due to the larger rotor exit radii of each stage through
larger hub ramp angle limits. The larger exit radii provide greater work
capability for a given DRT and U7j.

Aerodynamic Parameters

The effects of higher allowable ramp angle on the aerodynamic param-
eters are shown in Figure 18. The magnitude of the change in these param-
eters is very small. The increase of ramp angle values, however, re-
sulted in a slight increase in MSH , a decrease in Dgy , and essen-

max max

tially no change in 3[2H .
max

Compressor Overall Length

As shown in Figure 18, the increased ramp angle yields about an 8 to
10% reduction in overall length over the range of tip speeds. Since the
average stage pressure ratio increase was about 1 to 2% due to the larger
ramp angle, the decrease in overall length was due primarily to the stage
length decrease, the stage length being less as a result of decreases in an-
nulus height for fixed values of aspect ratio.

Hub-to-Tip Radius Ratio

Compressor design calculations of Class IIl were made also to deter-
mine hub-to-tip radius ratio effect on average stage pressure ratio, aero-
dynamic variables, and overall length. These results are summarized in
Table VIII. Input data were identical to the previously described Class III

cases, except that inlet hub-to-tip radius ratio was varied to 0.4 and 0.6
from 0. 5.
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Average Stage Pressure Ratio

The average stage pressure ratio is increased about 0.5 to 2.0% over
the range of tip speeds investigated at a DRT of 0.35, 0.4, and 0.45 and
an increase in rotor inlet hub-to-tip radius ratio from 0.4 to 0. 6. These
results are shown in Figure 19. As in the case of higher hub ramp angle,
the increased pressure ratio is a result of greater work capability due
to higher rotor exit radii for a given Dyt and Urp;.

Aerodynamic Parameters

As inlet hub-to-tip radius ratio increases with all other parameters
held constant, significant reductions are obtained in the maximum values of
DgH, Mgy, and B'2H See Figure 19. These reductions are of the order
of 25% and 12% for Dgy and Mgy, respectively, in going from a hub-to-tip
radius ratio of 0.4 to 0.6. Similarly, the maximum rotor relative hub exit
flow angle is reduced about 25° resulting in 25° less flow turning.

The variation of the aerodynamic parameters is linear with hub-to-tip
radius ratio in the range investigated. At the 0.4 hub-to-tip radius ratio
point, the stator hub diffusion factor was limited to the 0.5 value for the
1200 and 1400 ft/sec tip speeds. Rotor tip diffusion factors for these two
cases were reduced from 0.35 to 0.334 and 0.331 for 1200 and 1400 ft/sec,
respectively.

Compressor Overall Length

Reductions in overall length with increasing inlet hub-to-tip radius
ratio are significant with all other variables held fixed. See Figure 20a.
Overall length-radius ratio reductions are about 25% at 1000 ft/sec tip
speed and 30% at 1400 ft/sec tip speed for an inlet hub-to-tip radius ratio
change from 0.4 to 0.6. Since the average stage pressure ratio increase
was only 0.5 to 2. 0% with increasing hub-to-tip radius ratio, the primary
effect that decreases overall length-radius ratio is the smaller annulus
heights which results in a decrease in stage length for a set value of aspect

.. ratio.

An increasing inlet hub-to-tip radius ratio, however, results in a de-
creased weight flow rate for a given tip radius or an increased tip radius
for the same weight flow rate. The larger tip radius will lead to increased
compressor length if the same blade row aspect ratios are maintained.

The effect of maintaining equal weight flow rate on compressor length is
shown in Figure 20c where the inlet tip radii have been corrected for equal
weight flow rate for the 0.5 hub-to-tip radius ratio condition (see Figure
20b). Overall length reductions are about 18% at 1000 ft/sec tip speed and
24% at 1400 ft/sec tip speed from a hub-to-tip radius ratio change from 0.4
to 0. 6 at constant weight flow.
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SUMMARY OF RESULTS

A parametric compressor study was made on the basis of simple-
radial-equilibrium compressor design philosophy with free-vortex energy
addition, constant efficiency radially, zero tangential velocity at each rotor
inlet, and stage axial velocity ratio of unity. Based on the study results
for a multistage compressor design of 9. 0:1 pressure ratio and 12, 0-in,
inlet tip radius, the results are summarized for average stage pressure
ratio, overall length, and aerodynamic parameters.

1.

Significant gains in achieving higher average stage pressure
ratio can be made by advancing rotor tip and stator hub dif-
fusion factor technology and employing this capability with
state-of-the-art technology of relative inlet Mach number
(i.e., tip speed) and stator hub Mach number.

Significant gains in achieving higher average stage pressure
ratio can be made by advancing rotor relative inlet Mach
number technology and employing this capability with state-
of-the-art technology of rotor tip diffusion factor, stator hub
diffusion factor, and stator hub Mach number.

As rotor tip and stator hub diffusion factor technology are in-
creased to higher levels, a condition will be reached wherein
state-of-the-art stator hub Mach number technology must also
be advanced.

As rotor tip and stator hub diffusion factor technology is in-
creased to higher levels, a condition will be reached wherein
rotor hub turning past the axis will become critical for state-
of-the-art tip speed. Further advances will require increases
in tip speed and relative Mach number technology.

As rotor axial velocity ratio is increased while maintaining
unity stage axial velocity ratio, stator hub diffusion factor and
stator hub Mach number are increased significantly while rotor
hub turning is approximately constant.

Compressor overall length is primarily dependent on the num-
ber of stages and hence the average stage pressure ratio level
for a given overall pressure ratio.

Compressor overall length can be significantly reduced by ad-

vancing compressor design technology on radial flow effects as
a result of higher hub and tip ramp angles.
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Table II.

Summary of input data for all compressor designs.

Ratio of specific heats

Specific heat at constant pressure

Gas molecular weight

Rotor inlet tip radius

Tip blockage factor—each row

Hub blockage factor—each row

Aspect ratio first stage—initial value
Aspect ratio second stage—initial value

Aspect ratio third to last stage—
initial value

Rotor tip solidity—each stage
Stator hub solidity—each stage
Inlet total temperature

Inlet total pressure

Maximum number of stages

Minimum overall pressure ratio
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Y=1.4
c, = 0.24 BTU/Ib,,-°R
M = 28.97 Ib_ [mole

Rpq = 12.0 in.

8,"1‘. = 1,0 (i.e., zero blockage)
5?_1 = 1.0 (i.e., zero blockage)
ARq = 4.0

ARy = 3.5

ARg_p = 2.5

opT = 1.3

sy = 2.0

T, = 519°R

P, = 14.7 psia

Nmax = 10

(RC)Ovmin = 9- 0'1
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Table VII.

Summary of computed Class II aerodynamic,
performance, and geometric results.

V. v, Rotor tip diffusion factor Aerodynamic limit violation
Case :). .:’. étagg No. age No.
No. | 7 ps Uy Vai fra Vai s 1 2 3 4 5-N N [ ®Re) Tad Np Reavg T 2 3 T PB-N |
2001 | o.850 | 1000 1.2 0.833 | 0.350 | 0.400 | 0.450 | 0.450 Jo0.450 |8 |10.6740 7.226 | 1.356
2002 | 0.8s50 | 1000 1.4 0.707 | 0.325 7 }10.8228 6.247 { 1.421 [Mgy
2003 | 0.900 | 1400 1.2 0.833 | 0.350 5 | 9.8251 4.752 | 1.588
2004 | 0.900 | 1000 1.4 0.707 5 |11.67909 4.202 | 1.668
2005 | 0.875 1.2 0. 833 7 ] 9.0208 7.000 | 1.368
[T2606 [ 0. 900 T.2 T. 533 T 10 L KON B et
2007 { 0. 850 1.4 0.707 7 | 10. 9904 6.180 | 1.427
2008 | 0. 875 1.4 0.707 { 0.329 6 | 9.0100 6.000 | 1.442 |Mgy
2009 | 0.875 1.4 0.707 | 0.350 6 | 9.1414 5.943 | 1.448
2010 ) 0. 900 1.4 0.707 | 0.332 6 ] 9.604 5.768 | 1.463 Mgy
2011 | 0. %00 T.4 0.707 | 0. T | 0.7040 [0.8645 | 5723 ] 1.468 |
2012 | 0.850 | 1200 1.2 0.833 7 |11.4353 Jo 7932 | 6.081 | 1.435
2013 | 0.875 1.2 0. 833 6 | 9.3156 Jo.8318 | 5.880 | 1.453
2014 | 0. 900 1.2 0. 833 6 } 9.8673 |o0.8643 | 5.680 | 1.473
2015 | o. 850 1.4 0.707 6 ]10.7238 J0.7948 ] 5.390 | 1.504
[~ 2016 | 0. 850 T3 0. 107 T [10.7238 [0.7548 | 5.350 | 1.504
2017 | 0.875 1.4 0.707 6 |11.4796 Jo.8274 | 5.180 | 1.528
2018 | 0.875 1.4 0.707 6 f11.4796 |0.8274 | 5.180 | 1.528
2019 | o. 900 1.4 0.707 5 | 9.0137 |o.8658 | 5.000 | 1.552
2020 | 0. 900 1.4 0. 707 5 | 9.0137 fo.8658 | 5.000 § 1.552
2021 | 0.850 | 1400 1.2 0. 833 T 17.015d J0.7022 | 5. 007 1.53%
2022 | 0.875 1.2 0. 833 5 | 9.2627 |o.8319 | 4.915 | 1.563
2023 | 0.850 1.4 0.707 5 ]10.2320 |0.7960 } 4.72¢ | 1.593
2024 | 0.850 | ° 1.4 0.707 5 |10.2320 Jo.7960 | 4.627 | 1.607
2025 1 0,875 L4 0.707 s J10.9323 o.8284 | 4.457 § 1.636
2026 | 0. 875 1.4 0. 707 5 | 10.9323 |0.8284 | 4.457 ] 1.8636
2027 | 0. 900 1.4 0. 707 5 §11.6799 |o0.8614 | 4.300 | 1.666 ) ,
2028 | 0.850 | 1200 1.4 0.707 | 0.366 }0.494 | 0.608 | 0.646 ]Jo.667 |5 |13.9733 Jo.7882 | 4.053 | 1.721 Mgy {Mgy |Bon 5;&1 18,
2029 | 0.875 1.4 0.707 | 0.370 | 0.501 | 0.614 | 0.651 4 | 9.5250 Jo.8313 { 3.8%1 | 1.760 |MsH [Msh [Msy |85,
2030 ] 0. 900 1.4 0.707 | 0.375 ] 0.507 ] 0.620 | 0.656 4 10.3576 Jo.s63s | 3.735 | 1.802° | Moy IMop IMey 187
031 | 0.850 1.2 0. X [0.500 [ 0. T. 700 T | 0.4307 | 0.7 3.0 [ 1. 758 SH H
2032 { 0.875 1.2 0.833 | 0.492 | 0.600 } 0.698 } 0.700 4 J10.1297 Jo.s300 | 3.753 | 1.797 |Msu ,ZH
2033 | 0.900 1.2 0.833 [ 0.497 f 0.600 | 0.700 { 0.700 4 [10.8294 fo.8627 | 3.625 | 1.833 [MsH
2034 | 0.850 0.85 1.15 0.437 | 0.600 | 0.700 | 0.700 Jo0.700 5 |10.0012 Jo0.7966 | 4.705 | 1.50 |8,
2035 ) 0,875 0.85 115 0.450 | 0.600 | 0.700 | 0.700 J0.700]5 |10.7685 Jo.8287 | a.516 ] 1.626 o
2036 | 0.900 0.85 1.156 | 0.457 | 0.600 § 0.700 | 0.700 [ 0.700 T1.4231 [0-B618 | 4.378 [ 1.652 |Pon
2037 | 0.850 | 1400 1.4 0.707 | 0.395 | 0.546 | 0.678 | 0.700 4 J13.2752 |o.7895 | 3.315 | 1.942 |Mgy |Msy {Msy
2038 | 0.875 1.4 0.707 | 0.400 | 0.553 | 0.684 | 0.700 4 |14.5276 | 0.8224 | 3.188 | 1.993 |Mgy Mgy |Msy
2039 | 0.900 1.4 0.707 | 0.405 | 0.360 | 0.690 | 0.700 4 |15.9005 }o.8562 | 3.068 | 2.047 | Mgy Mgy |MsH
2040 | 0.850 1.2 0.833 | 0.500 ] 0.600 ] 0.700 | 0.700 4 1127125 J0.7406 | 3.328 ] 1.935
2041 | 0.875 1.2 0.833 | 0.500 | 0.600 | 0.700 § ©.700 T 113.6%07 J0.8238 | 3.206 | 1007
2042 | 0.900 1.2 0.833 | 0.500 | 0.600 | 0.700 | 0.700 4 |14.5942 |o.8576 | 3.131 | 2.020
2043 | 0.850 0.85 1.15 0.486 | 0.600 | 0.700 | 0.700 4 | 9.9548 |o.7967 | 3.778 | 1.790 | g4y
2044 | 0.875 0.85 1.15 0.498 | 0.600 | 0.700 | 0.700 4 |10.5487 J0.8202 | 3.659 | 1.822 |ghy
2045 ] 0.900 0.85 1.15 0.500 | 0.600 | 0.700 | 0. 700 4 ]11.1453 yo0.8622 | 3.556 ]| 1.857
2046 | 0.850 | 1§00 1.4 0.707 | 0.417 | 0.585 [ 0.693 3 [ 10.0367 [ 0.7965 | 2.838 | 2.187 | MsH [Msh (PsH
2047 { 0.875 ﬁ 1.4 0.707 | 0.423 | 0.593 | 0.697 3 |10.9073 |o.8285 | 2.730 | 2.238 Mgy |Mgy |DsH
2048 | 0.900 1.4 0.707 { 0.429 [ 0.599 | 0.700 3 8383 |o.s612 | 2.831 | 2.310 | Mgy Mgy
2049 | 0.850 1.2 0.833 | 0.500 | 0.600 | 0.700 3 | 9.7761 | o.79m1 | 2.869 ] 2.152
2050 | 0.875 1.2 0.833_| 0.500 | 0.600 ] 0.700 3 ]10.3890 Jo.8295 | 2.786 | 2.200
[~2051 | 0. 900 1.2 0.833 | 0.500 | 0.600 [ 0.700 L3 B ; T N
2052 | 0.850 0.85 1.15 0.500 | 0.600 | 0.700 | 0.700 4 |14.0712 |o.7880 | 3.145 | 2.013
2053 | 0.875 0.85 1.15 0.500 | 0.600 | 0.700 | ©0.700 4 |14.9564 | 0.8218 | 3.060 | 2.052
2054 | 0.900 0.85 115 0.500 | 0.600 | 0.700 3 | 9.1412 | 0.8656 | 2.974 | 2.095
2055 1200 1,0 1.0 0.481 ) 0.600 | 0.700 | 0.700 }o0.700]5 |11.8889 |0.7923 | 4.299 ] 1.667 |gbi
2056 | 0.875 | 1200 0.461 V|5 [12.7616 {0.8252 | 4.148 | 1.690 |AoH
2057 | 0.900 | 1200 0. 500 5 J13.6722 [ 0.8588 | 4.015 | 1.729
2058 | 0.850 | 1400 4 f11.1300 ] 0.7939 | 3.571 | 1.851
2059 | 0.875 | 1400 4 |11.8326 |0.8267 | 3.460 | 1.888
2060 4 |12.5763 | 0.8602 | 3.362 § 1.925
2061 | 0.050 | 1600 T | 15.4685 | 0. 7856 . 3
2062 | 0.875 | 1600 3 | 9.3418 | 0.8317 | 2.940 | 2.113
2063 { 0.900 | 1600 3 | 9.8693 | 0.8643 | 2.860 | 2.158
2064 § 0.850 | 1000 0.350 | 0.400 | 0.450 § 0.450 ] 0.450}9 | 10.6365 | 0.7950 { 8.137 | 1.311
2065} 0.875 | 1000 8 | 9.2161 | 0.8320 | 7.891 ] 1.322
2066 | 0.900 | 1000 % | . .6970 |o0.8646 | 1. 333
2067 | 0.850 | 1200 7 | 10.1337 | 0.7962 | 6.529 | 1.400
2068 { 0.875 | 1200 7 | 10.7325 | 0.8288 | 6.317 | 1.416
2069 | 0.900 | 1200 7 |11.3769 | 0.8619 | 6.120 | 1.432
3 1 6 | 11.1349 ] 0.7939 } 5.304 } 1.515
207t | 0.875 | 1400 ® | 11.8255]0.8268 ] 5. 143§ 1.53%
2072 | 0.900 | 1400 5 | 9.0364§0.8658 | 4.988{ 1.554
2073 | 0.850 | 1000 0.85 1.15 10] 9.4692{0.7979 | 9.679 ] 1.256
2074 | 0.875 | 1000 10] 10.1531 | 0.8300 | 9.284 | 1.268
20751 0.900 | 1000 9 ] 9.1567 ] 0.8655 § 8.902 | 1.280
2076 | 0.850 | 1200 T | 10.5705] 0. T304
2077} 0.875 | 1200 7 | 9.4317 | 0.8315 | 6.801} 1.382
2078} 0.900 | 1200 7 | 10.0876 | 0.8639 | 6.536 | 1.401
2079 | 0.850 | 1400 6 | 10.3815] 0.7956 | 5.508 | 1.490
2 0.8751 14 6 §11.008110.8283 ] 5.331{ 1.511
2081 | 0.900 | 1400 6 1 11.6720] 0.8615 | 5.164 [ 1.
36
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Table VII. (cont)
Rotor_hub ramp angle (degrees) Stator hub ramp angle (degrees)
Case X ESSR T3 —
No. T H 3 0 3 3 T ] ] TS T 7 3 [ T 3 7 0 g )
2001 | 30.000 30.000 | 30.000 | 30. 000 | 30. 000 | 30. 000 -11.068 | -12.708 | -14.023 |-15.013
2002 | 30.000 30.000 | 30. 000 § 30. 000 | 30. 000 -26.616 §-24 378 | -31.499
2003 30.000 | 30. 000 -13.374
2004 30.000
30.000 ] 30. 000 | 30. 000 -12.730 ] -14. 017
30. 600 ~12.756 | -14.015
30.000 | 30. 000 -29.514 | -31.508
30,000 -29.339
30.000 -29.456
30. 000
3. 000
30.000 | 30. 000 -15.380
30.000
30.000
30. 000 x
30. 000 30. 000
30.000 30. 000
30,000 30.000
30. 000
30,000
30. 000 30. 000
30.000
30.000
30.000
0. 000
13,000
30,000
30.000
30.000
N 30.000
0. 000 [ 30. 000
30.000
30.000 X
20.690| 10,1084 5.338| 1.77t
23.646] 12.449] 7.393] 3.508
T TTS] 14,
30.000] 30. 000 | 30. 000
30.000] 30.000 | 30.000
30.000| 30.000 | 30.000
30.000] 30.000] 30,000
30.000[ 30.000 | 30. 060
30.000| 30.000 | 30.000
29.379| 15.752| 9.569
30.000) 17.776 | 11.411
30 000} 19.819] 13,275
30. 0001 30. 000 683
30.000] 30.000 -9.041
30.000] 30. 000 -8.440
30.000] 30.000 8.929
30.000) 30.000 9.525
13,07 30.000 | 30.000 2. 909
15,082 30.000 | 30.000 29.751
30.000 | 10.000
23,9780 21,184 30.000 | 30.000 19172} 16,108
75326 | 22,410 3 TEHI] 15. 54
26.583 | 23,568 30.000 | 29.228 18.737] 15.801
27.158 30.000 | 30.000 18.570
28.514 30.000 { 20.524 18.401
29,802 30.000 { 28.209 18.259
29,705 36.000 { 30,000 18,380
30.000 | 29.828
30,000 | 26.380
20.369 | 18.567 | 17.066 ] 15.703 ] 14.635 | 13,701 17.965 | 15.723 9.434 8.066 | 7.082 s.815 | 5.312
21301 ] 19.429F 17.871] 16.480} 15. 308 17,756 | 15.522 9,351 7.996 0 7.023 5.713
22.196 | 20,259 ] 18,645 17.194 ] 16.043 17,130 [ 15.349 9.276 79331 6.971 3.736
23.925} 21.562 | 19.635| 17. 046 18.270 | 16.108 9.505) 8.042| 7.008
24.919 [ 22.489) 20.503| 18.765 17.850 | 15.525 9.403) 7.981 | 6.%42
25.883 | 23.301 ] 21,352 18. 569 17.822 ] 15.194 9.302 7.883 | 6.880
27.025] 24. 148] 21.724 19.266 | 16.003 9.624 8.086 ] 7.143 -
T . n T3 T 005 | 7017
29.030 ] 26.046 18.610 | 15.614 9.411 7.926 .
-1.636] -3.543] -5.210 -9.a29 [-10-0058 _ 30.000. }.. 30,000 23.969 | 22.809 | 22.160f 21.645 | 21.250.] 20.943 f20.690
-0.203 | -2.256 | -4.038 8.101 | -9.136] 30.000 | 30.000 23.765| 22.717 | 22,009 | 21.501 | 21119 | 20.823 | 20586
1.194] -0.9971 -2 890 -7.189 30.000 | 30.000 23.575] 22.551 ) 21.862 ] 21.369 | 21.000 ] 20.714
T3 o7 .1 A a n pimiLs
5.702| 2.651| 0.000 30.000 | 30.000 23,739} 22.884 | 22.064 | 21.482
7.222| 4.028) 1.372 30.000 | 30.000 23.560| 22.s41 | 21.850 | 21.374
8.800] 5.121] 2.047 30.000 | 30.000 20,071 22.952 | 22.212
10,482 3.363 30.000 | 30,000} 25 23,9311 22.836 ] 22110
12.138] 7.946] 4.642 30.000 | 30.000 | 25.367 ] 23.662] 22.725] 22.015
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Table VIII.

Summary of computed Class III aerodyﬁamic,
performance, and geometric results.

Rotor tip diffusion factor Aerodynamic limit violation
Case | Ury — e ——] “Stage No.
No. | tt/sec) | (Ru/R); (Vo) | ¥Ps 1 3 4N N | (Reloy | Yad Nt R,“g T Z 3 N
3001 | 1000 0. 600 | 0.85 | 0.336 [ 0.400 |0.450 |o.450 | 8 | 9.055|0.799 ] 8.00 | 1.316 |B'5y
3002 0.5 600 { 0.85 | 0.350 8 | 9.115]0.799 {7.94 | 1.310
3003 0.4 600 | 0.875 | 0.342 8 | 9.6410.831 | 7.67 | 1.332 |B'9y
3004 600 | 0.90 | 0.346 | 0.400 8 |10.22 o.see | 7.42 | 1324 | gy
3005 700 | 0.85 | 0.258 ]| 0.356 8 | 9.95870.797 ) 7.55 ) 1.358 | Mgy | M,
3006 700 | 0.875 | 0.261 | 0.362 8 [10.71 fo.829 [ 7.25 | 1.354 | Mgy | Mgy
3007 0.4 700 | 0.90 | 0.264 | 0.367 7 | 9.034 |0.866 | 7.00 | 1.369 | MsH | Mgy
3008 0.5 600 | 0.875 | 0.350 | 0.400 8 | 9.728|0.831 | 7.64 | 1.334
3009 600 | 0.90 [ 0.350 8 | 10.32 |o.864 | 7.38 | 1.347 | |
3010 700 § 0.85 | 0.303 8 |10.41 Jo0.795 ] 7.34 ] 1.349 | Mgy
3011 T 700 | 0.875 ) 0.305 s 1117 o528 1705 | T 755 Mgy
3012 0.5 700 | 0.90 | 0.308 7 | 9.42 Jo.865 | 6.83 | 1.380 | Msnu
3013 0.6 600 | 0.85 | 0.350 8 | 9.115]0.799 | 7.94 | 1.319
3014 600 | 0.875 | 0.350 8 | 9.728]o0.831 | 7.63 | 1.334
3015 600 { 0.90 | 0.350 8 ]10.38 Jo.863 ) 7.35] 1.349
3016 700 [ 0.85 | 0.348 8 | 10.65 | 0.795 | 7.23 | 1.356 | Mgy
3017 700 | 0.875 | 0.350 7| 9.081]|0.832 | 7.00 | 1.369
3018 | 1000 0.6 700 | 0.90 | 0.350 7| 9.618]|0.865 | 6.76 | 1.384
3019 | 1200 0.4 600 | 0.85 | 0.334 7 | 10.74 |0.795 | 6.31 | t.416 | DsH
3020 0.4 600 | 0.875 } 0.339 7 ] 11.38 Jo.828 | 6.11] 1.432 | Dgy
3021 600 | 0.90 | 0.344 | 0.400 6 | 9.154]0.866 | 5.94 | 1.447 | DgH
3022 700 | 0.85 | o.262 | 0.370 7 | 11.58 {o0.793 | 6.08 ] 1.435 | Mgy | Msu
3023 700 | 0.875 | 0.266 | 0.375 6 | 9.260]0.832 | 5.80 ] 1.452 | Mgy | Mgy
3024 } 0.4 700 | 0.90 | o0.269 | 0.380 6 | 9.776]| 0.864 | 5.72 | 1.468 [ Mgy | Mgy
3025 0 600 | 0.85 | 0.350 | 0.400 7 ] 10.92 10.794 | 6.24 | 1.422
J0Z6 600 | 0.875 | 0.330 7 | 11.61 | 0.827 | 6.04 | 1.439
3027 600 | 0.90 | o0.3s0 6| 9.3a1fo0.865 | 5.87] 1.454
3028 700 | 0.85 | 0.308 6 | 9.200|0.799 | 5.92 | 1.449 | Mgy
3029 700 | 0.875 | o.310 6| 9.715]0.81 | 5.74 ] 1.466 | Mgy
3030 | 1200 0. 700 | 0.90 | 0.314 | 0.400 | 0.450 | 0.450| 6 | 10.24 ]J0.864 | 5.57] 1.483 | MsH
3031 0. 500 | 0.85 | 0.350 | 0.400 | 0.450 | 0.450 | 7 | 11.04 | 0.794 | 6.20 | 1.425
3032 600 | 0.875 6| 9.004)0.833 ] 6.00] 1.442
3033 600 | 0.90 6| 9.495|0.865 | 5.82] 1.459
3034 700 | 0.85 6| 9.474|o0.798 | 5.821 1.450
3035 700 § 0.875 6 | 10.02 Jo.830 ] 5.63] 1.478
3036 | 1200 0.6 700 | 0.90 | 0.350 | 0.400 [ 0.430 ® | 10.57 | 0.863 | 5.47 | 1.494
3037 | 1400 0.4 600 | 0.85 | 0.325 | o0.387 | 0.429 6 | 11.12 |o0.794 | 5.32] 1.511 | Dgy | Dgy | Dsu
3038 600 | 0.875 | 0.331 | 0.393 | 0.434 6] 11.81 | 0.827 | 5.16 | 1.530 | Dgy | Dsy | Dsy
3039 600 | 0.90 | 0.337 ] 0.399 | 0.439 6 | 12.52 | 0.860 | 5.00] 1.552 | Dgy | Dgy | DPsy
3040 700 | 0.85 [ 0.266 | 0.380 | 0.450 6 | 11.97 §0.792 { 5.14{ 2.535 | Moy | Mgy
3041 700 | 0.875] 0.271 | 0.386 | 0.450 5 | 9.029) 0.832 | 5.00 | 1.552 | Mgy | MsH
3042 0.4 700 | 0.90 | 0.276 | 0.392 | 0.450 5| 9.497|0.865 | 4.85| 1.574 | Mgy | Msy
3043 0.5 600 | 0.85 | 0.350 | 0.400 | 0.447 6| 11.73 |0.793 | 5.15{ 1.533 DsH
3044 600 { 0.875 | 0.350 0.450 6 | 12.39 |o0.826 | 5.00] 1.552
3045 600 | 0.90 | 0.350 5{ 9.379] 0.865 | 4.88] 1.569
3046 700 | 0.85 | 0.310 T | 5.05810.7 5.00] 1.552 | MsH
3047 700 | 0.875 | 0.315 5] 9.523)0.831 | 4.82| 1.578 | Mgy
3048 0.5 700 | 0.90 | o.320 5| 10,01 |o.864 | 4.71] 1,594 | Mgy
3049 0.6 600 | 0.85 | 0.350 6 | 12.03 | o0.792 | 5.08| 1.541
3050 600 | 0.875 1 5] 9.194)0.832 ) a.94] 1.560
3051 600 | 0.90 5| 9.641]| 0.865 | 4.80 1.580
3052 700 | 0.85 5| 9.459| 0.798 | 4.86] 1.5m1
3053 700 | o0.875 5| 9.947) 0.830 | 4.72| 1.593
3054 | 1400 0.6 700 | 0.90 | 0.350 | 0.400 { 0.450 | 0.450} 5| 10.46 [o0.863 | 4.59| 1.614
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Table VIIIL.

(cont)

Rotor hub ramp angle (degrees)
Stage Yo

Stator hub ramp angle (degrees)
—Shge No.

Rotor tip ramp

Stator tip ramp
angle {degrees)

angle (deirees)
tage B

tage
Case -
No. | 1 2 3 4 5 6 7 8 1 2 3 4 5 [ 7 [ 1 2 3-N 1-N
3001 |39.2 32,9 J23s.1|20.8 ]| 10.9) 17.4 [15.0 J 4.8 ) 200 J17.3 12,1 | 0.7 | 8.2 | 7.2) 6.5 ]| 5.9 o 0 0 Q
3002 |38.1 ) 32.3 J22.9]20.6|18.8)17.3 |15.8]14.8f18.4)155])11.2] 8.3 ) 79 ] 0] 6.4 57] o
3003 [40.0 | 34.2 [ 24.2 | 21.8 | 19.8 | 18.2 | 16.7 170 11,0 | 8.6 J 8.t | 7.1 | 6.5 | 5.8 ]-0.72
3004 {40.0 | 35.4 | 25.2 | 22.6 J 20.7| 18.0 ] 17.5 16.7]11.7| 9.5 | 8.0 { 7.0 | 6.4 | 5.7 ]-1.9
3005 |37.4 | 33.8 | 24.7]22.0] 10.9) 18.2 | 16.8 17.3 § 15,1 | 11.9 8.6 1 78] 701 0
5| 353 9| 23.1 2001 0.1 1174 TT.4] 4.8 ] 8. 7.7 ] 6.8] 0
3007 |40.0 | 36.7 | 27.0 ] 24.1 | 21.8] 15.9 | 18.2 17.7 | 14.5 11,5 | 9.7 | 8.4 | 7.6 -0.33
3008 |39.8 | 33.7 J24.0] 21.6 J 19.7] 18.0 ] 16.7 1s.2]1t1 ] o1 | 78] 10] 63 fs1] o
3009 J40.0 | 34.9 } 25.0] 22.6 | 20.8 | 18.8 | 17.5 15.1y10.0 | 9.0 | 7.8 | 7.0§ 6.2 | 5.6 |-1.0
3010 |38.0 H 24.0]21.5]10.5] 17.8]16.3 18.7013.5 111.0 | 9.4 1 8.2 1 7.4 { 6.7
3011 | 35. 5 5] 25.2 6 [20.5] 187 |11.2 18.4 | 13.2 | 10.8 3 8.1 7.3 ] 6.6
3012 40.0| 36.7 | 26.2 | 23.5 | 21.4 | 19.8 | 18.0 18.2 ) 13.1 |10.7 | 9.2 | 8.0 ] 7.3
3013 |37.0| 31.9 | 22.7) 20.5 | 18.7| 17.1 | 15.9 13.9] 10.4 | 8.8 | 7.6 J 6.0 6.2 | 5.6
3014 |38.4 | 33.2 | 23.8] 21.5 | 19.6 | 18.0 | 16.7 13.8]10.3] 87| 7.5 | 6.8 6.1 | 5.8
3015 139.6 | 3¢.4a J24.01 22.5 ] 20.5} 18.8{11.5 13.8} 10,2 ) 8.8 ) 7.5 ) 6.7] 6.1} 5.5
3 BT | 3.8 L2107 IT.5[18.2 6.4 12.3 I 8086 .2 ] 8.3
3017 |40.0 | 34.6 | 24.7 ] 22.2 | 20.2 18.4 | 17.0 16.2| 12.2 |10.2 | 8.8 | 7.9 ] 7.1
3018 |40.0)] 35.8 | 25.8} 23.2 | 21.1 19.3 17.8 16.1 12,1 10.1 8.8 7.9 7.1
3018 |40.0] 30.2 | 27.7 | 24.5 ] 22.1| 20.0 | 18.3 18.0] 122 9.7 8.2 | 7.1 { 6.4
3020 40.0] 40.0 J28.7} 25.5] 22.9] 20.9 | 19.1 17.5] 12.00 9.7 8.1 ] 7.0] 6.3 -0. 50
T [40.0] 40.0 | 29.7 | 26.4 | 23.8] 21.7 S[17.3]11.9] 9.5 8.0 6.9 1.3
3022 j40.0| 40.0 | 20.4 | 25.8 | 23.1| 20.9 | 19.0 15.1 | 183 14.5 J11.3 | 9.5 | 8.1} 7.3 -0.50
3023 [40.0} 40.0 | 30.5} 26.8 | 24.0} 21.7 15.1 18.4 14.3 11.2 9.4 8.1 -1.9
3024 t40.0} 40.0 | 31.4] 27.7 ] 24.9] 22.8 15.4 | 18.4 | 4.1 | 1.1} 9.3 | 8.0 -3.3
3025 140.0) 38.4 127.4] 24.3]121.9] 10.8] 18.2 189162 11.4] 93] 2.9 1 7.0 6.2 0
® [40.0] 39.6 | 28.5] 25.4 | 22.8] 20.7 ] 19.1 18.5] 16.0| 11.3 | 9.2 | 7.8 | 7.0 6.2 [ T
3027 [40.0 | 40.0 | 29.5] 26.3 | 23.8]| 21.6 18.0¢ 15.81 11.2 9.1 7.8 6.8 -0
3028 |40.0 | 40.0 | 28.5 | 25.2 | 22.6| 20.5 16.8] 18.6 | 13.21 10,6} 9.0} 7.8 -0.35
3029 (40.0| 40.0 | 29.6 ] 26.2 | 23.5] 21.3 17.0 4 18.5] 13.0 10.5 8.8 7.8 -1.6
3030 |40.0) 40.0 | 30.6 | 27.2 | 24.4] 22.2 17.0 1 18.2 | 12.9 f10.4 | 8.8} 7.1 -2.9
30T ] 0| 27.21 24.2 | 21.9] 15.8 1 18.2 16.4 | 14.7} 10.7| 8.8 7.6 | 6.8] 6.1 [
3032 {40.0 35.2 | 28.3 | 25.3 | 22.8| 20.7 16.0 | 14.6} 10.6 | 8.8} 7.6} 6.8 °
3033 140.0] 40.0 | 20.3 | 28.2 ] 23.2] 21.8 15.7 | 143} 0.5 a7} 7.5 | 6.7 -0.48
3034 |40.0) 39.2 | 28.0 | 24.8] 22.3 20.2 18.5 16.7 12.2 10.0 8.6 7.7 1]
3035 |40.0}f 40.0 ] 29.1 25.9] 23.3] 21.1 18.2 16.4 12.1 10.0 8.5 7.6 -0.57
O 40.0 ] 30.2 8| 24.2] 2L, 8| 16.4| 12.0] 9.5] &35 [ 1.6 1.
3037 40.0 40.0 | 31.0 | 27.8 | 24.8] 22.3 w12t | sa | 1.2 -4.2
3038 |40.0 | 40.0 | 32.0 | 28.7 | 25.6| 23.2 20.0 17.5] 11.8 10.0 8.3 Tel -5.5
3039 40.0] 40.0 | 33.1 | 20.5] 26.4] 23.9 200§ 17.5] 11.8| 9.8} 8.2 7.0 -13.8]-7.0
3040 140.0) 40.0 | 33.1] 28.8} 25.5] 22.9 15.6 ] 19.2] 14.6 | 11.3 ] 9.3 ] 8.0 -9.0 |-6.1
RUISEEIA B 10 T 28T T5.5| 183 W.a[ 1.2 9.2 T3 -1,
3042 [ 40.0] 40.0 | 34.9 | 30.6 | 27.3 15.7 19.3 14,2 11.0 9.1 -11.7]-9.1
3043 |40.0] 40.0 | 31.0] 27.3 | 24.4] 21.9 19.5| 16.9| 1.7 | 9.5 80| 7.1 -11.9|-3.8
3044 |40.0 ] 40.0 | 32.1 28.3 { 25.3 22._9 19.1 16.3 11.7 9.4 7.9 7.0 ~13.3 |-5.4
3045 |40.0) 40.0 | 33.1 ] 29.3] 26.3 18.7 ] 16,0} 11.7] 9.4 ] 7.9 -14.6]-6.8
[I04E N R R N V) %] 15.4)10.6] 8.9 “11.4 [-6.0
3047 |40.0 | 40.0 | 33.2 | 20.1 | 25.9 17.4 [ 18.3 | 13.2 | 10.5 ] 8.8 -13.0§-7.4
3048 | 40.0 ] 40.0 | 34.2 30.1 26.9 17.4 17.9 13.1 10.4 8.8 ~14.5}-8.7
3049 |40.0[ 40.0 | 30.9 | 27.3 | 24.4 ] 22.0 17,1 1s.s] 1.2 f e.1 | 7.8 | 8.9 -12.0[-3.6
3050 ]40.0] 40.0 ] 32.0] 28.3 25.3 16.8 15.3 11.1 9.1 7.7 -5.1
["I05T [40.0 [ 40.0 ] 33.0 B Pta T8.T| 4.8 .0 .0 1.7 5.7
3052 | 40.0 ) 40,0 | 31.6 ) 27.8 | 24.8 18.9 17.1 12.4 10.1 8.6 -14.0]-5.0
3053 |40.0] 40.0 | 32.7 | 28.8 | 25.7 18.5 | 16.7] 12.3 | 10,0 | 8.5 -15.5[-6.7
305¢ |40.0] 40.0 | 33.7 | 20.8 | 26.7 18.2 | 16.4] 12.2 | 10.0 | 8.5 -17.0-8.2 0
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Figure 2. Effect of tip speed on average stage pressure ratio.
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